Objective: Hyperthyroidism is associated with a hypercoagulable state, but the underlying mechanism is unknown. Patients with resistance to thyroid hormone (RTH) due to defective thyroid hormone receptor β (THRB or THRB) exhibit elevated circulating thyroid hormones (TH) with refractoriness to TH action in THRB-expressing tissues. We tested the hypothesis that the hypercoagulable state in hyperthyroidism is mediated via the THRB. Design: We conducted a cross-sectional study from November 2013 to January 2015 in 3 hospitals in the Netherlands and the United Kingdom. Methods: Patients with RTH due to defective THRB (n = 18), patients with hyperthyroidism (n = 16) and euthyroid subjects (n = 18) were included. TH concentrations and markers of coagulation and fibrinolysis were measured. Data are expressed as median (interquartile range). Results: Free thyroxine (FT 4 ) levels were slightly higher in hyperthyroid patients than in RTH patients (53.9 (30.5 -70.0) and 34.9 (28.4 -42.2) pmol/L, respectively, P = 0.042). Both groups had raised FT 4 levels compared with euthyroid subjects (14.0 (13.0 -15.8) pmol/L, P ≤ 0.001). Levels of von Willebrand factor (VWF), factor (F) VIII, fibrinogen and d-dimer were significantly higher in hyperthyroid patients than in RTH patients vs 145 (97 -158)%, fibrinogen 3.6 (3.0 -4.4) vs 2.8 (2.5 -3.2) g/L, d-dimer 0.41 (0.31 -0.88) vs 0.20 (0.17 -0.26) mg/L, respectively, P ≤ 0.001), while there were no differences between RTH patients and euthyroid controls. Conclusions: Parameters of coagulation and fibrinolysis were elevated in hyperthyroid patients compared with patients with RTH due to defective THRB, whereas these parameters were not different between euthyroid controls and RTH patients, despite elevated FT 4 concentrations in RTH patients. This indicates that the procoagulant effects observed in hyperthyroidism are mediated via the THRB.
Introduction
Venous thromboembolism (VTE) is considered a multi-factorial disease in which multiple genetic and environmental determinants combine to cross a so-called 'thrombotic threshold'. Several risk factors for VTE influence haemostatic balance, via increases in coagulation factors such as factor (F) VIII and Von Willebrand Factor (VWF), decreased regulatory proteins and impaired fibrinolysis with d-dimer levels as a major determinant. Recently, it has been shown that hyperthyroidism is associated with several changes in haemostatic factors, resulting in a hypercoagulable state (7) putting patients with hyperthyroidism at increased risk of developing VTE (7) . This is of clinical importance because of the high prevalence of hyperthyroidism. However, the underlying mechanism leading to a hypercoagulable state in hyperthyroidism is unknown. The thyroid hormone receptors (TR), encoded by two separate genes (THRA and THRB), exhibit differing tissue distribution (7) . THRA is the predominant subtype in brain, skeletal muscle, and the heart, while THRB is most abundant in the liver. Mutations in THRA have been discovered recently, with few cases being resistance to thyroid hormone (RTH) due to defective THRA identified to date (7) . By contrast, patients with RTH due to defective THRB have been recognized for two decades, with the disorder having an incidence of about one in 40 000 (8) . These patients exhibit elevated circulating thyroid hormones (TH) with refractoriness to TH action in THRB-expressing tissues. As THRB is widely expressed in the liver, which plays a key role in the synthesis of coagulation factors, we hypothesized that the hypercoagulable state in hyperthyroidism results from a THRB-mediated effect of TH on coagulation factors. Therefore, patients with RTH due to defective THRB can serve as a unique human model to investigate the role of THRB in the hypercoagulable state observed in hyperthyroidism. In this study, we compared markers of coagulation and fibrinolysis between patients with RTH due to defective THRB or hyperthyroidism and euthyroid control subjects.
Subjects and methods

Study design
In this cross-sectional study, thyroid hormone concentrations and markers of coagulation and fibrinolysis were measured in patients with RTH due to defective THRB (n = 18) and in two control groups: patients with hyperthyroidism (n = 16) and euthyroid subjects (n = 18). 
Study population
Patients with RTH due to mutations in THRB were recruited at Wellcome Trust-MRC Institute of Metabolic Science, Addenbrooke's Hospital, Cambridge, UK (n = 16) and at the Department of Endocrinology and Metabolism, Academic Medical Center of the University of Amsterdam, The Netherlands (n = 2). The diagnosis of RTH was confirmed by sequence analysis of the THRB gene. Genotypes and clinical features are presented in Supplementary Table 1 , see section on supplementary data given at the end of this article. Hyperthyroid controls were recruited in both participating centres in The Netherlands. All patients with elevated T 3 , FT 3 and/ or FT 4 according to the local reference ranges were eligible for participation in the study. Euthyroid controls were recruited by local advertisements. In order to be eligible to participate in this study, participants had to meet the following criteria: patients with RTH due to defective THRB and hyperthyroid patients; elevated plasma T 3 , FT 3 and/or FT 4 according to the local reference ranges. Hyperthyroid controls were matched for gender, and for age as much as possible. Inclusion criteria for the euthyroid controls were as follows: general good health, matched for age (± 5 years) and gender, and plasma TSH within the reference range. Subjects who met any of the following criteria were excluded from participation in this study: no informed consent; current use of antithyroid drugs, vitamin K antagonists or oral corticosteroid therapy; a history of haemophilia or von Willebrand's disease; and previous VTE within the last 6 months, previous total thyroidectomy or radio-iodine treatment.
Hyperthyroid patients due to underlying subacute thyroiditis were excluded because of the possibility of the accompanying acute inflammatory state influencing markers of coagulation markers.
Study procedures
Study visits were scheduled between 8.00 and 11.00 h, and 30 mL of venous blood sampling was drawn. Additional questions were asked about weight, height, medical history, smoking status and the use of (recently stopped) medication. This information was completed by reviewing the charts of all the patients. Participation in this study did not influence the treatment of the patients.
Laboratory assays
Blood samples were collected in 4.5 mL heparin tubes for assessing thyroid function and sex hormone-binding globulin (SHBG, a T 3 -responsive gene expressed in the liver) levels, and in 2. 
Statistical analyses
The main outcome of this study was comparison of coagulation parameters between patients with RTH due to defective THRB or hyperthyroidism and euthyroid controls. A previous study of hyperthyroidism showed that compared with pre-treatment values (1.82 ± 0.40 U/ mL), highly significant decreases in FVIII activity (0.97 ± 0.32 U/mL) (9) were noted with normalization of thyroid function. To obtain a power of 80% and an alpha error of 0.05%, 4 patients would be needed to have enough power to detect a similar reduction in this study. In another study, a statistically significant difference in FIX was detected in 41 patients with hyperthyroidism and 20 controls (7) . The mean value of FIX in the control group was 83.6 ± 16.9% and in the group with hyperthyroidism it was 109.6 ± 27.9%. To obtain a power of 80% and an alpha error of 0.05% at least 8 patients would be needed in this study to detect a similar difference. Because of inter-individual differences in markers of coagulation and to achieve higher statistical power, we sought to recruit at least 16 participants in each study group. The characteristics of the participants are expressed as median (interquartile range) or percentages where appropriate. To investigate the effect of age and smoking status on the parameters of coagulation and fibrinolysis, a multivariate linear regression model was used on the logarithmic data of the parameters with a P value <0.05 when comparing the 3 groups, with the variables age and currently smoking added to the model. To rule out that the observed results in VWF, FVIII, fibrinogen and d-dimer were due to the higher percentage of smokers in the hyperthyroid patients, a sensitivity analysis was performed that was restricted to the non-smoking participants. In this analysis, a MannWhitney U test was performed to compare each single group with the other two groups separately.
In case of a value of FT 4 or FT 3 > 70 pmol/L (n = 6, n = 1, respectively), the value was designated as 70 pmol/L. In case of a value of d-dimer <0.17 mg/L (n = 15), the value was designated as 0.17 mg/L. In case of F1 + 2 > 1200 (n = 1) (most likely caused by in vitro activation of coagulation), the value was assumed as missing and the value of d-dimer of the concerning participant was also disqualified. Statistical analysis was performed using SPSS 21 software package (SPSS Inc.).
Results
Participants
Characteristics of participants are given in Table 1 . We enrolled 18 patients with RTH due to defective THRB, 16 hyperthyroid cases and 18 euthyroid controls. Although not statistically significant (P = 0.071), the hyperthyroid patients were older than RTH cases. There were no differences in gender, BMI and oral contraceptive use between the three groups. None of the participants were on hormone replacement therapy during the study period. Ninety-four percent of hyperthyroidism cases were due to Graves' disease with significantly more smokers in this group. Free thyroxine (FT 4 ) levels were slightly higher in patients with hyperthyroidism than those with RTH (53.9 (30.5 -70.0) and 34.9 (28.4 -42.2) pmol/L, respectively, P = 0.042). Both groups had significantly raised FT 4 levels compared with the euthyroid subjects (14.0 (13.0 -15.8) pmol/L, P ≤ 0.001). As expected, SHBG levels were significantly higher in hyperthyroid patients than in RTH cases and euthyroid controls.
Coagulation and fibrinolytic parameters
Parameters of coagulation, thrombin generation and fibrinolysis are given in Table 2 , while there were no differences between RTH patients and euthyroid controls (see Fig. 1 for boxplots of VWF, FVIII, fibrinogen and d-dimer per group and Fig. 2 for their role in the coagulation and fibrinolysis pathways). These differences persisted after correcting for age and smoking status (P ≤ 0.010). When restricting the analyses to the non-smokers, levels of VWF, FVIII, fibrinogen and d-dimer were significantly higher in hyperthyroid patients than in RTH patients and euthyroid controls (P values ≤ 0.001), while there were no differences between RTH patients and euthyroid controls. FIX was higher in hyperthyroid patients compared with euthyroid controls (P = 0.016 when testing 3 groups), but this difference did not persist after correcting for age and smoking status (P = 0.094). ETP was lower in hyperthyroid controls compared with euthyroid controls. No differences were found in PT, aPTT, F1 + 2, lag time, and peak thrombin between the three groups.
Discussion
The aim of this study was to compare markers of coagulation and fibrinolysis between patients with RTH due to defective THRB, patients with hyperthyroidism and euthyroid control subjects. We hypothesized that the hypercoagulable state in hyperthyroidism results from a THRB-mediated effect of TH on coagulation factors. In our study, parameters of coagulation and fibrinolysis were elevated in hyperthyroid patients compared with patients with RTH due to defective THRB, whereas these parameters were not different between euthyroid controls and RTH patients, despite elevated FT 4 concentrations in RTH patients. This indicates that the procoagulant effects observed in hyperthyroidism are mediated via the THRB pathway. The hyperthyroid patients, but not the RTH cases in our study, had significantly elevated VWF antigen and FVIII levels. Since these factors are known to be released primarily from endothelial cells (7), which are also present in the liver, this suggests that thyroid hormones exert this effect on endothelium via a THRB pathway. Consistent with this hypothesis, THRB expression in endothelial cells has been documented (7). Of note, the hyperthyroid patients had only a modest increase in Factor IX, which disappeared after correcting for age and smoking status. As Factor IX is produced by the liver, we cannot ascribe the hypercoagulable state in to a specific target organ, but can conclude that it occurs via a THRB-mediated pathway. In our study, FT 4 levels were slightly higher in patients with hyperthyroidism than in RTH patients. Both groups had markedly raised FT 4 levels compared with the euthyroid subjects (14.0 (13.0 -15.8) pmol/L, P ≤ 0.001).
One could argue that this difference in FT 4 levels could account for divergent VWF, FVIII, fibrinogen, and d-dimer levels between the two groups. However, in previous studies, we showed that thyroid hormones affect circulating coagulation factor levels at plasma concentrations far below FT 4 levels documented in the RTH patients, making this explanation unlikely (7) . Levels of ETP were lower in hyperthyroid patients vs euthyroid controls, with three possible explanations for this observation. First, this could be due to chance, particularly as there are no differences in the peak thrombin value which is considered a more important marker of thrombin generation. Secondly, since ETP is an in vitro measurement, in contrast to the other markers of coagulation and fibrinolysis measured in this study, this finding could be due to consumption of coagulation factors, although there is no other evidence to support this in this study. A third explanation might be another determinant which lowered ETP in the hyperthyroid controls, which we did not measure in this study. In 94% of our hyperthyroid cases, the underlying aetiology was Graves' disease, raising the possibility that the observed effects on coagulation and fibrinolysis in this group might be partly due to autoimmune or concomitant inflammatory processes. However, a recent study has ruled out inflammatory processes as a mediator of the effect of thyroid hormones on the coagulation system (7). In further support of this notion, raised plasma levels of FT 4 following administration of pharmacological doses of levothyroxine in healthy volunteers also causes a hypercoagulable state (7) . One could argue that the observed increased levels of VWF, FVIII, fibrinogen and d-dimer in the hyperthyroid patients are due to the higher percentage of smokers in this group, e.g., as a result of endothelial damage. In the Münster Arteriosclerosis Study (MAS), a prospective longitudinal epidemiological study on an industrial population in Westfalia including 2880 male and 1306 female persons, a correlation of fibrinogen was found with cigarette smoking (7). In the same study, however, no correlation was found for FVIII. The Atherosclerosis Risk in Communities (ARIC) Study, a prospective study designed to assess risk factors for the development of atherosclerotic diseases in fifteen 800 middle-aged persons, reported no association of VWF with smoking status while FVIII was negatively associated with smoking status (7) . The sensitivity analysis in non-smokers in the current study ruled out that the observed results in VWF, FVIII, fibrinogen and d-dimer were due to the higher percentage of smokers in the hyperthyroid patients. In line, the observed differences in these parameters when comparing the hyperthyroid patients with the RTH patients and the euthyroid controls, respectively, persisted after correcting for age and smoking status. Thyroid hormones exert their effects through nuclear receptors with differential tissue distributions (7) . A recent study has demonstrated that T 3 administration to hypothyroid mice has widespread effects on the expression of hepatic and vessel wall-associated genes in the coagulation pathway, with both immediate early and late transcriptional changes resulting in altered plasma levels of a panel of coagulation factors (18) . As yet, the coagulation pathways have not been investigated in transgenic, mutant Thrb mouse models. Our findings of unaltered parameters of coagulation and fibrinolysis despite circulating hyperthyroxinaemia in a cohort of patients with RTH clearly suggests that such procoagulant effects observed in hyperthyroidism are mediated via a THRB-dependent pathway. Extrapolating from this, it is conceivable that thyromimetics (e.g. eprotirome), developed to lower LDL-cholesterol by stimulating THRB pathways in the liver, (7) could induce a hypercoagulable state. Whether patients with RTH due to defective TRα (7) treated with levothyroxine in supraphysiological dosage to overcome hormone resistance in TRα-expressing tissues, who are also at risk of hypercoagulability, remains to be determined.
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